In plants, the polyamines putrescine, spermidine, spermine (Spm), and thermospermine (Therm-Spm) participate in several physiological processes. In particular, Therm-Spm is involved in the control of xylem differentiation, having an auxin antagonizing effect. Polyamine oxidases (PAOs) are FAD-dependent enzymes involved in polyamine catabolism. In Arabidopsis, five PAOs are present, among which AtPAO5 catalyzes the back-conversion of Spm, Therm-Spm, and N 1 -acetyl-Spm to spermidine. In the present study, it is shown that two loss-of-function atpao5 mutants and a 35S::AtPAO5 Arabidopsis transgenic line present phenotypical differences from the wild-type plants with regard to stem and root elongation, differences that are accompanied by changes in polyamine levels and the number of xylem vessels. It is additionally shown that cytokinin treatment, which up-regulates AtPAO5 expression in roots, differentially affects protoxylem differentiation in 35S::AtPAO5, atpao5, and wild-type roots. Together with these findings, ThermSpm biosynthetic genes, as well as auxin-, xylem-, and cytokinin-related genes (such as ACL5, SAMDC4, PIN1, PIN6, VND6, VND7, ATHB8, PHB, CNA, PXY, XTH3, XCP1, and AHP6) are shown to be differentially expressed in the various genotypes. These data suggest that AtPAO5, being involved in the control of Therm-Spm homeostasis, participates in the tightly controlled interplay between auxin and cytokinins that is necessary for proper xylem differentiation.
Introduction
Thermospermine (Therm-Spm) is present in most plants, but not in animals and fungi (Minguet et al., 2008) . In plants, Therm-Spm is synthesized by thermospermine synthase ACAULIS5 (ACL5), which transfers an aminopropyl residue from the decarboxylated S-adenosylmethionine, generated by a S-adenosyl-methionine decarboxylase (SAMDC), to the N 1 -terminal amino group of spermidine (Spd). This is in contrast to spermine synthase (SPMS), which transfers an aminopropyl residue to the N 8 -terminal amino group of Spd to produce spermine (Spm) (Knott et al., 2007; Takano et al., 2012) . A role of Therm-Spm metabolism in the control of resistance to pathogens was recently shown (Sagor et al., 2012; Marina et al., 2013) . Furthermore, several studies support a crucial role of Therm-Spm in xylem differentiation. Indeed, disruption of the ACL5 gene in Arabidopsis, which is expressed specifically in procambial cells and xylem precursor cells during vascular differentiation (Clay and Nelson, 2005; Muñiz et al., 2008) , causes impaired stem elongation, over-proliferation of xylem vessels, and increased vein thickness (Hanzawa et al., 2000; Clay and Nelson, 2005; Kakehi et al., 2008; Muñiz et al., 2008) . Conversely, increased ACL5 expression levels or exogenous Therm-Spm suppresses xylem differentiation (Kakehi et al., 2010; Milhinhos et al., 2013; Baima et al., 2014) . In addition, mutation of the Arabidopsis BUD2/SAMDC4 gene, one of the four Arabidopsis SAMDC genes that is up-regulated by Therm-Spm and which has been proposed to predominantly mediate Therm-Spm synthesis (Kakehi et al., 2010; Kim et al., 2014) , produces plants with vascular defects similar to those of acl5 plants (Ge et al., 2006) .
ACL5, together with BUD2/SAMDC4, is positively regulated by auxin (Hanzawa et al., 2000; Cui et al., 2010) , and negatively regulated by exogenous Therm-Spm (Kakehi et al., 2010) . Furthermore, Therm-Spm has an opposite action to that of auxin in the control of xylem differentiation (Yoshimoto et al., 2012a (Yoshimoto et al., , 2016 . Indeed, increased Therm-Spm levels delay xylem differentiation by negatively affecting the expression of auxin-regulated transcription factors and auxin signaling genes, resulting in alteration of auxin-mediated processes (Yoshimoto et al., 2012a; Milhinhos et al., 2013; Baima et al., 2014) . In this regulatory mechanism, which involves a well-controlled feedback circuit operating to fine-tune formation and differentiation of xylem, the ARABIDOPSIS THALIANA HOMEOBOX 8 (ATHB8) transcription factor and heterodimers consisting of LONESOME HIGHWAY (LHW) and TARGET OF MONOPTEROS 5 (TMO5)/ TMO5-LIKE1 (T5L1) play an important role in the control of ACL5 expression (Baima et al., 2014; Katayama et al., 2015) . Furthermore, the basic helix-loop-helix transcription factor SUPPRESSOR OF ACAULIS 51 (SAC51) is a key gene in Therm-Spm signaling leading to the control of xylem differentiation (Imai et al., 2006; Katayama et al., 2015; VeraSirera et al., 2015; Cai et al., 2016) .
In Arabidopsis, two enzymes are involved in Therm-Spm catabolism, polyamine oxidase (PAO) 1 (AtPAO1; Tavladoraki et al., 2006 Tavladoraki et al., , 2016 Takahashi et al., 2010; Fincato et al., 2011) and polyamine oxidase/dehydrogenase 5 (AtPAO5; Ahou et al., 2014; Kim et al., 2014; Tavladoraki et al., 2016) . Both AtPAO1 and AtPAO5 are cytosolic enzymes catalyzing the back-conversion of Spm and Therm-Spm to Spd. Conversely, the other three members of the Arabidopsis PAO family (AtPAO2, AtPAO3, and AtPAO4) have a peroxisomal localization and are able to oxidize both Spd and Spm, but not Therm-Spm (Moschou et al., 2008; Kamada-Nobusada et al., 2008; Fincato et al., 2011; Ono et al., 2012; Tavladoraki et al., 2016) . AtPAO5, differently from AtPAO1, also uses N 1 -acetyl-Spm, and indeed the levels of this Spm derivative are altered in a loss-of-function atpao5 mutant as well in Arabidopsis transgenic plants ectopically expressing AtPAO5 (Ahou et al., 2014) . Another relevant difference between AtPAO1 and AtPAO5 is that AtPAO5 can be classified as a dehydrogenase rather than as an oxidase, since O 2 is a poor electron acceptor in the reaction catalyzed by AtPAO5 (Ahou et al., 2014) . This suggests that AtPAO5 has a role in polyamine homeostasis rather than in H 2 O 2 production, in contrast to the other PAOs so far characterized, as for example the extracellular ZmPAO1, which is involved in important physiological processes, such as root development, xylem differentiation, and wound healing, through H 2 O 2 production (Cona et al., 2006; Angelini et al., 2010; Tisi et al., 2011; Tavladoraki et al., 2016) . This raises the question of how AtPAO5 contributes to plant developmental and defence processes (Kim et al., 2014; Sagor et al., 2016; Zarza et al., 2016) .
Xylem has an important role for plant survival, contributing to both physical support and water transport. Vascular plants possess a complex regulatory network to coordinate the different phases of xylem differentiation and maturation, in which the plant hormones auxin and cytokinins have a central role. Auxin controls initiation and specification of vascular stem cells through a positive feedback loop that includes the auxin responsive transcription factor MONOPTEROS, the auxin transporter PIN1, and the class III homeo-domain leucine zipper (HD-ZIP III) transcription factor ATHB8 (Miyashima et al., 2013) . Furthermore, pathways that integrate transcriptional and post-transcriptional regulation of gene expression and cell-to-cell communication govern xylem specification and patterning. In these pathways, HD-ZIP III, NAC domain (VND6 and VND7), and GRAS (SHORT ROOT and SCARECROW) transcription factors play a crucial role (Miyashima et al., 2013; Kondo et al., 2014) . Vascular patterning in Arabidopsis roots is also controlled by a mutually inhibitory feedback loop between auxin and cytokinins that is necessary for a proper balance between cell division and cell differentiation. Indeed, cytokinins promote cambial activity and procambium maintenance, and negatively regulate protoxylem specification (Miyashima et al., 2013; Kondo et al., 2014) . In the auxin/cytokinin regulatory loop, cytokinin signalling restricts the auxin signalling maximum to the xylem axis by promoting the bisymmetric localization of PINs. Consequently, auxin activates the expression of the negative regulator of cytokinin signaling HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6) in the protoxylem position, and in turn AHP6 counteracts cytokinin signalling, thereby allowing cells to differentiate into protoxylem (Mähönen et al., 2006; Bishopp et al., 2011) . Cytokinins are also required for promoting cell proliferation activities in the vascular stem cells during secondary growth.
In the present study, to assess in detail the contribution of AtPAO5 to plant developmental processes, two loss-offunction atpao5 mutants and transgenic plants ectopically expressing AtPAO5 were examined for phenotypical and metabolic alterations. Our data demonstrate that AtPAO5 plays an important role in xylem differentiation by interfering with the feedback regulatory mechanism controlling Therm-Spm homeostasis and with the auxin/cytokinin interplay.
Plant material, growth conditions, and treatments
All experiments were performed with Arabidopsis (Arabidopsis thaliana) ecotype Columbia. Two T-DNA insertion alleles of AtPAO5 (At4g29720) were used, atpao5-1 (Ahou et al., 2014; Kim et al., 2014) obtained from the Syngenta Arabidopsis Insertion Library (allele SAIL_664_A11.v1; Sessions et al., 2002) and atpao5-2 obtained from the SALK collection (SALK_053093; Alonso et al., 2003) . Sequences of primers used for mutant genotyping are shown in Supplementary Table S1 at JXB online. Homozygous 35S::AtPAO5-6His (AtPAO5-1 and AtPAO5-2) and AtPAO5::GFP-GUS transgenic Arabidopsis plants, obtained as described previously (Fincato et al., 2012; Ahou et al., 2014) , were also used. Hemizygous AtPAO5-1 (AtPAO5-1H) plants were obtained by sexual crossing of AtPAO5-1 homozygous plants with wild-type plants and used as indicated. For in vitro growth, seeds were first sterilized and stratified for 3 d at 4 °C and then put on agar plates containing half-strength Murashige and Skoog basal medium with Gamborg's vitamins and 0.5% (w/v) sucrose (½MS). Seedlings were grown in a growth chamber at 23 °C and under a 16/8 h light/dark photoperiod. For qRT-PCR analysis following hormone or polyamine treatment, 5-d-old seedlings grown on ½MS agar plates were transferred in ½MS liquid medium and were left to grow for a further 5 d to increase plant mass. After addition of fresh medium, seedlings were treated with 1 µM 6-benzylaminopurine (BAP), 1 µM indole-3-acetic acid (IAA), or 100 µM Therm-Spm. For analysis of AtPAO5 promoter activity through histochemical staining for β-glucuronidase (GUS) activity of AtPAO5::GFP-GUS plants following hormone treatment, 5-to 7-d-old seedlings grown onto ½MS agar plates were transferred in ½MS liquid medium containing the treatments. For physiological studies at late developmental stages, plants were grown either on soil or in hydroponic systems (Araponics).
Quantitative RT-PCR analysis
Total RNA was extracted using the RNeasy Plant Mini kit (QIAGEN). Genomic DNA was degraded using the RNase-Free DNase Set (QIAGEN). For qRT-PCR, cDNA synthesis and PCR amplification were carried out using GoTaq® 2-Step RT-qPCR System200 (Promega). The PCR reactions were run in a Corbett RG6000 (Corbett Life Science, QIAGEN) utilizing the following program: 95 °C for 2 min and then 40 cycles of 95 °C for 3 s and 60 °C for 30 s. Reactions were performed in triplicate and mean values ±SD were calculated. Only values with SD≤0.2 were taken into consideration. At least two independent biological replicates were performed for each experiment, and mean values of relative expression levels from the different biological replicates are shown. Relative expression levels are presented as fold-changes (2 -ΔΔCt ) or, when indicated, as differences (-ΔΔCt) from the controls. The gene for ubiquitin-conjugating enzyme 21 (UBC21; At5g25760) was chosen as a reference gene. All gene-specific oligonucleotides used are listed in Supplementary Table S2 .
Analysis of polyamine levels
For polyamine extraction, fresh plant material (leaves and stems) pooled from about four to six individual plants was homogenized initially with liquid nitrogen and then with cold 0.2 M HClO 4 (3 ml g −1 fresh weight), obtaining three independent extracts (replicates) from the same pool of fresh material. Crude extracts were incubated at 4 °C for 18 h and then centrifuged. The supernatants were analyzed for polyamine content by high-performance liquid chromatography and gas chromatography-mass spectrometry as described previously (Ahou et al., 2014) .
Histochemical GUS analysis of AtPAO5::GFP-GUS

Arabidopsis plants
Histochemical GUS staining analysis of AtPAO5::GFP-GUS Arabidopsis plants was performed as previously described (Fincato et al., 2012; Ahou et al., 2014) .
Phenotypical analyses
For studies at early developmental stages on root elongation and vascular differentiation following hormone treatment, 5-d-old seedlings grown on vertically oriented ½MS agar plates were transferred onto new agar plates containing BAP, IAA, or Therm-Spm (with blank controls) and were left to grow vertically for a further 5 d. Root lengths were marked on the plates and measured using ImageJ software. To determine root vascular differentiation, the distances from the quiescent center (QC) of the first protoxylem vessels with spiral/annular secondary cell-wall thickenings and of the first metaxylem vessels were measured in seedlings stained with fuchsin using a confocal microscope. The root apical meristematic activity was determined by measuring the distance from the QC to the first cells displaying elongation. For phenotypical analyses at later developmental stages, plants were grown on soil or in hydroponic systems for 5 weeks, and the distances from the base to the apex of the roots and the main bolt were measured in individual plants.
Confocal microscopy analysis and imaging
Fuchsin staining of vascular tissues was carried out as described previously (Mähönen et al., 2000) . Seedlings were examined with a Leica TCS-SP5 confocal microscope (488 nm excitation with an argon ion laser and 568 nm detection) using the software Advanced Fluorescence (LAS AF; Leica).
Histology
To obtain transverse and longitudinal sections, roots and stems were first embedded in Technovit 7100 resin (Kulzer 
Results
AtPAO5 is involved in the control of polyamine homeostasis
To investigate the physiological role(s) of AtPAO5, two 35S::AtPAO5-6His Arabidopsis transgenic lines ectopically expressing AtPAO5, one with 70-fold (AtPAO5-1; Supplementary Fig. S1 ; Ahou et al., 2014) and the other 4-fold (AtPAO5-2; Supplementary Fig. S1 ) higher expression levels than the endogenous gene, were characterized. Parallel studies were also performed with two loss-of-function mutants, atpao5-1 (Ahou et al., 2014; Kim et al., 2014) and atpao5-2, lacking AtPAO5 expression ( Supplementary Fig. S1 ). Recent studies have shown that Spm, Therm-Spm, and N 1 -acetyl-Spm levels are decreased in young AtPAO5-1 seedlings and increased in atpao5-1 ones, as compared with wild-type seedlings, indicating that the three polyamines are in vivo substrates of AtPAO5 and that this enzyme is involved in polyamine homeostasis (Ahou et al., 2014) . In the present study, the determination of polyamine levels was further extended to include atpao5-2 and AtPAO5-2 plants, as well as specific organs (Fig. 1 ). In particular, this analysis was performed in mature leaves and inflorescence stems, taking into consideration that AtPAO5 is expressed in all organs ( Fig. 2 ; Fincato et al., 2012) . The analysis showed altered Spm, Therm-Spm, and N 1 -acetylSpm content, but not of putrescine and Spd, in both leaves and stems of AtPAO5-1, atpao5-1, and atpao5-2 plants compared with that of wild-type plants ( Fig. 1) , consistent with what was previously observed for young AtPAO5-1 and atpao5-1 seedlings. In contrast to AtPAO5-1 plants, AtPAO5-2 plants did not present differences in polyamine levels from wild-type plants ( Fig. 1) , suggesting an expression level-dependent contribution of AtPAO5 to polyamine homeostasis. The analysis of polyamine levels further indicated higher Spm and Therm-Spm levels in stems than in leaves, in agreement with previous studies ( Fig. 1 ; Naka et al., 2010) . This is probably determined by the relative amounts of the anabolic and catabolic enzymes specific for these polyamines (such as ACL5, SAMDC4, AtPAO1, and AtPAO5), considering their similar organ-specific distribution of gene expression ( Fig. 2A) . In contrast to Spm and Therm-Spm, comparable N 1 -acetyl-Spm levels were present in stems and leaves ( Fig. 1) .
ACL5 and SAMDC4 expression is under Therm-Spm control through a negative feedback loop (Kakehi et al., 2008 (Kakehi et al., , 2010 Baima et al., 2014) . To address whether such a regulatory mechanism is activated upon modulation of AtPAO5 expression, AtPAO5 over-expressing plants, as well as atpao5-1 and atpao5-2 mutants were analyzed for ACL5 and SAMDC4 expression levels. As shown in Fig. 3 , ACL5 and SAMDC4 are up-regulated in young AtPAO5-1 seedlings and down-regulated in atpao5-1 and atpao5-2 ones, but not affected at all in AtPAO5-2 seedlings. ACL5 and SAMDC4 are also up-regulated in hemizygous AtPAO5-1 seedlings (AtPAO5-1H1 and AtPAO5-1H2; Supplementary  Fig. S2 ) obtained by sexual crossing of AtPAO5-1 plants with wild-type plants, though to a lesser extent than in AtPAO5-1 seedlings, confirming the expression level-dependent effect of AtPAO5 expression on polyamine homeostasis. Instead, no change in SPMS expression levels was observed in any of the AtPAO5 and atpao5 plants. Similar results were obtained when roots and stems ( Supplementary Fig. S3 ), as well as leaves and flowers (data not shown), were analyzed.
These data, together with the AtPAO5 up-regulation by Therm-Spm ( Fig. 4 ; Ahou et al., 2014) , suggest that AtPAO5 participates in the feedback mechanism controlling ACL5 and SAMDC4 expression, and Therm-Spm homeostasis across the entire plant. The activation of this feedback mechanism in AtPAO5-1 plants may explain the reduction of Spm, Therm-Spm, and N 1 -acetyl-Spm levels in these plants to only 50% of those in the wild-type despite the very high expression levels of ectopic AtPAO5. 
AtPAO5 is up-regulated by cytokinins and auxin in an organ-specific way
AtPAO5 promoter activity studies using AtPAO5prom::GFP-GUS Arabidopsis plants showed that in roots AtPAO5 expression is extended from the site where the spiral secondary cell-wall thickenings of the protoxylem elements first become evident up to the hypocotyl-root junction region. In particular, AtPAO5 expression in roots involves the vascular system (xylem, phloem, and procambial/cambial cells) and the pericycle (Fig. 2B , e and f; Fincato et al., 2012; Ahou et al., 2014) , as does AtPAO5 expression in hypocotyls (Fincato et al., 2012) . AtPAO5 is also expressed in the root meristematic region, mainly in cortical tissues (Fig. 2B, g ). In cotyledons and leaves, AtPAO5 promoter activity is extended to the entire area (Fincato et al., 2012) , including veins (Fig. 2B, d ). In stems, AtPAO5-related GUS staining is specifically present in the cortex and the xylem vessels (Fig. 2B, b and c) , mainly in upper internodes (Fig. 2B, a) .
BAP treatment of AtPAO5::GFP-GUS plants increased the intensity of GUS staining in the root vasculature and the root meristematic region (Fig. 4A) . In contrast, no increase in GUS staining was evident in the above-ground part of the plants. Very similar results were obtained following treatment with Zeatin. These data indicate that AtPAO5 expression is under control of cytokinins specifically in the roots, as it is under control of Therm-Spm ( Fig. 4 ; Ahou et al., 2014) . A root-specific up-regulation of AtPAO5 was additionally observed following treatment with IAA (Fig. 4A) . AtPAO5 up-regulation by cytokinins and auxin was confirmed by qRT-PCR, which further showed that the response of AtPAO5 expression to BAP is faster than that to IAA and Therm-Spm (Fig. 4B) . 
AtPAO5 is enganged in the cytokinin-mediated control of root xylem differentiation
Cytokinins have a critical role in root elongation, root apical meristematic activity, and vasculature development (Perilli et al., 2010; Del Bianco et al., 2013; Kondo et al., 2014) . To determine the physiological significance of the root-specific effect of cytokinins on AtPAO5 expression, the root elongation rates of the AtPAO5 over-expressor and mutant plants in the absence and presence of exogenous BAP were compared with that of wild-type plants. However, no difference among the different genotypes was evident even though BAP inhibited root elongation (Supplementary Fig. S4A ).
In parallel, a detailed analysis of the timing of protoxylem and metaxylem differentiation in roots was performed by determining the distance between the first protoxylem and metaxylem elements from the QC. Root apical meristematic activity was additionally analyzed by measuring the distance from the QC of the boundary between the division and differentiation zones. In the absence of BAP, no difference was observed either in root protoxylem and metaxylem differentiation or in root apical meristematic activity among AtPAO5 over-expressor plants, atpao5 mutants, and wild-type plants ( Fig. 5; Supplementary Fig. S4 ). Addition of BAP in the growth medium inhibited protoxylem differentiation in all plant genotypes, thus leading to an increase in the distance of the first protoxylem vessels from the QC. However, the BAP-mediated inhibition of protoxylem differentiation was less pronounced in AtPAO5-1 plants and more pronounced in atpao5-1 and atpao5-2 mutants than in wild-type plants (Fig. 5) . Furthermore, BAP treatment highly reduced apical meristematic activity, but at the same level in all genotypes (Supplementary Fig. S4 ). This happened despite the fact that BAP increased AtPAO5 expression levels not only in the root vasculature, but also in the meristematic region (Fig. 4A) . BAP treatment additionally caused shortening of the distance from the QC of the first metaxylem vessels, again in a genotype-independent manner, this probably being an effect of the reduced apical meristematic activity (Supplementary Fig.  S4 ). These data suggest that AtPAO5 is specifically involved in the cytokinin-mediated control of root protoxylem differentiation, with this specific signaling pathway being impaired in the presence of increased AtPAO5 expression levels and enhanced in the absence of AtPAO5 expression.
Since vascular system differentiation is also controlled by auxins and considering the organ-specific effect of IAA on AtPAO5 expression, atpao5-1 and AtPAO5-1 plants were analyzed for root growth (data not shown) and xylem differentiation ( Supplementary Fig. S5 ) in the presence and absence of IAA. This analysis showed that IAA inhibited root growth and reduced the distance of the first protoxylem and metaxylem elements from the QC to the same extent in all genotypes.
AtPAO5 is involved in the control of root and stem growth and xylem differentiation
At early developmental stages, atpao5 mutants and AtPAO5 over-expressing plants display the same growth pattern and phenotype as wild-type plants, and it is only after transition from vegetative to reproductive growth that some differences become evident. In particular, while atpao5-1 and atpao5-2 mutants, as well as AtPAO5-1 and AtPAO5-2 plants, initiate vegetative growth and transition to the inflorescence meristem in the same manner as wild-type plants, atpao5-1 and atpao5-2 mutants produce longer and thicker stems than wild-type plants. Conversely, AtPAO5-1 plants produce shorter and thinner stems leading to a semi-dwarf phenotype with reduced apical dominance (Fig. 6) , while the stems of AtPAO5-2 plants do not present phenotypical differences from wild-type plants (Fig. 6) . To understand at the cellular level the differences in inflorescence development among atpao5, AtPAO5 overexpressing, and wild-type plants, stem anatomy was examined by analyzing transverse sections of the first (data not shown) and second internodes at the basal end of the stems (Fig. 7) . These analyses showed that AtPAO5-1 plants undergo excessive primary xylem differentiation. Indeed, they presented a much higher number of large-diameter, thick-walled metaxylem vessels than wild-type plants, and displayed a highly reduced secondary growth ( Fig. 7;  Supplementary Fig. S6 ). Similarly, hemizygous AtPAO5-1 plants presented an increased number of metaxylem vessels compared to wild-type plants, although to a lesser degree than the corresponding homozygous plants ( Supplementary  Fig. S6D ). In contrast, AtPAO5-2 plants did not present changes in xylem differentiation, while atpao5-1 and atpao5-2 mutants had a lower number of metaxylem vessels and a more extensive secondary growth than wild-type plants ( Fig. 7; Supplementary Fig. S6 ). These differences in xylem differentiation were observed both in young inflorescences before the appearance of differences in stem length and in later developmental stages. In addition to the differences at the stem level, AtPAO5-1 and atpao5 plants gradually developed differences from wildtype plants at the level of the roots. Indeed, despite the lack of evident differences in root elongation at early developmental stages among the different genotypes, at advanced developmental stages AtPAO5-1 plants presented shorter roots than wild-type plants, while atpao5-1 and atpao5-2 plants had longer ones (Fig. 8A, B) . Furthermore, observation of root transverse sections indicated a higher number of metaxylem vessel elements in AtPAO5-1 plants than in the wild-type and a lower number in atpao5-1 and atpao5-2 mutants (Fig. 8C) . These data indicate that AtPAO5 contributes to xylem differentiation in both stems and roots.
AtPAO5 and atpao5 plants exhibit altered vasculature thickness in hypocotyls, cotyledons, and leaves
Analysis by dark-field and fluorescence microscopy of the different genotypes showed that vasculatures of hypocotyls and petioles (Fig. 9) , as well as of cotyledons ( Supplementary Fig.  S7 ) and leaves (data not shown), in AtPAO5-1 plants display increased cell-wall autofluorescence as compared with wildtype plants, while in atpao5-1 mutants it is reduced. These differences in vasculature autofluorescence among the different genotypes can be attributed to differences in the number of xylem vessels, as shown in transverse sections of petioles (Fig. 9) . Indeed, similarly to stems and roots, AtPAO5-1 petioles presented an increased number of xylem vessels while atpao5-1 petioles presented a decreased number compared to wild-type petioles. However, differences also in cell-wall secretion of phenolic compounds cannot be excluded.
Therm-Spm mediates the phenotypical alterations of AtPAO5 over-expressing and atpao5 mutant plants
To verify whether the altered phenotype of AtPAO5 and atpao5 plants is due to altered Therm-Spm levels, the different genotypes were grown in the presence of Therm-Spm or Nor-Spm, the latter having been shown to functionally substitute for Therm-Spm (Kakehi et al., 2010) . ThermSpm treatment reduced the number of metaxylem vessels in wild-type and atpao5-1 roots, but not in those of AtPAO5-1 (Fig. 10A) . Furthermore, Nor-Spm treatment in plants grown in a hydroponic system reduced the number of metaxylem vessels in both wild-type and AtPAO5-1 stems (Fig. 10B) .
Therm-Spm treatment also induced a delay in protoxylem and metaxylem differentiation in atpao5-1 and atpao5-2 mutants, but not in AtPAO5-1 and wild-type plants (Fig. 11A) . Additionally, in the presence of Therm-Spm, several discontinuities were observed in the protoxylem elements of atpao5-1 and atpao5-2 main roots, but not in those of AtPAO5-1 roots (Fig. 11B) . The discontinuities in the protoxylem elements of atpao5 roots were more prominent in the presence of 100 µM Therm-Spm than in the presence of 50 µM Therm-Spm (Fig. 11B) . Wild-type roots only occasionally presented some discontinuities in protoxylem elements. These data may explain the reduced agar penetration capacity of atpao5 lateral roots in the presence of Therm-Spm ( Fig. 11C; red arrows) or Nor-Spm (data not shown), which, in combination with the gravitropism, made them grow close to the main root ( Fig. 11C; red arrows) . In contrast, AtPAO5-1 plants did not present such a phenotype, and wild-type ones exhibited an intermediate phenotype (Fig. 11C) . Contrary to Therm-Spm, Spm affected neither the integrity of the protoxylem elements nor the agar penetration capacity of lateral roots.
These data indicate a negative effect of exogenous ThermSpm on xylem differentiation. This effect was more evident in atpao5 and wild-type plants than in AtPAO5-1 plants, with the high amount of recombinant enzyme in the latter being able to back-convert the Therm-Spm in the medium to Spd. The negative effect of exogenous Therm-Spm on xylem differentiation is consistent with the excessive primary xylem differentiation in AtPAO5-1 plants, which presented reduced Therm-Spm levels, and with the decreased primary xylem differentiation in atpao5-1 and atpao5-2 plants, which presented increased Therm-Spm levels. These data altogether indicate that Therm-Spm mediates the phenotypical alterations of AtPAO5-1, atpao5-1, and atpao5-2 plants. Indeed, the shorter stems together with the altered stem anatomy observed in AtPAO5-1 plants recall the acl5 and bud2/samdc4 mutants with reduced levels of ThermSpm (Hanzawa et al., 2000; Clay and Nelson, 2005; Ge et al., 2006; Kakehi et al., 2008; Muñiz et al., 2008; Cui et al., 2010) . 
Auxin-and xylem differentiation-related genes are differentially expressed in AtPAO5-1 and atpao5-1 plants
AtPAO5 and atpao5 plants were analyzed for expression levels of genes correlated with Therm-Spm, auxin, and cytokinin signaling pathways, as well as xylem differentiation. In particular, some of the Arabidopsis type-A cytokinin response regulators (ARR5, ARR7, ARR15, ARR16), which participate in the multistep cytokinin-dependent phosphorelay pathway and are up-regulated by cytokinins (Ren et al., 2009; Perilli et al., 2010; Bishopp et al., 2011) , were analyzed to investigate the cytokinin-dependent signaling pathway. The negative regulator of cytokinin signaling AHP6, which is up-regulated by auxin, was also chosen for this analysis in order to obtain information on the cytokinin/auxin interplay. PIN1 and PIN6, which are involved in auxin transport and are up-regulated by auxin (Cazzonelli et al., 2013) and down-regulated by Therm-Spm (Tong et al., 2014) , were also analyzed. The ATHB8, PHB, and CNA transcription factors of the HD-ZIP III gene family, as well as the VND6 and VND7 transcription factors, which are all implicated in xylem differentiation (Baima et al., 2001; Miyashima et al., 2013) and are regulated by Therm-Spm and auxin (Kakehi et al., 2008; Yoshimoto et al., 2012a; Tong et al., 2014) , were additionally taken into consideration. SAC51, which is upregulated by Therm-Spm, was also analyzed (Kakehi et al., 2008) . The expression of the SCARECROW transcription factor, which is down-regulated by cytokinins (Carlsbecker et al., 2010; Zhang et al., 2013) , was examined as well.
Furthermore, the XYLEM CYSTEINE PEPTIDASE 1 gene (XCP1; Funk et al., 2002; Avci et al., 2008) , which is a marker of xylem differentiation, the Xyloglucan endotransglycosylase/hyrdolase 3 (XTH3) gene, encoding a cell-wall loosening protein, and the PHLOEM INTERCALATED WITH XYLEM / TDIF RECEPTOR gene (PXY; Fisher and Turner, 2007) , encoding a receptor kinase, were analyzed since they are down-regulated by Therm-Spm (Tong et al., 2014) .
Data from qRT-PCR analysis of whole seedlings ( Supplementary Fig. S8 ) and specific organs (stems and roots; Fig. 12) showed that the auxin-and/or xylem-related genes PIN1, PIN6, VND6, VND7, ATHB8, PHB, CNA, XCP1, XTH3, and PXY were up-regulated in AtPAO5-1 plants and down-regulated in atpao5-1 mutants. In contrast, no statistically significant variations were observed in ARR5, ARR7, ARR15, and ARR16 expression levels in AtPAO5-1 and atpao5-1 plants compared with wild-type plants. Only AHP6 among the genes related to cytokinin signaling was up-regulated in AtPAO5-1 plants and down-regulated in atpao5-1 mutants ( Fig. 12; Supplementary Fig. S8 ). Interestingly, AHP6 was down-regulated by Therm-Spm while, in contrast, ARR5, ARR7, and ARR15 were up-regulated (Fig. 13A) . On the other hand, no statistically significant variations in SCARECROW and SAC51 expression were observed in AtPAO5-1 and atpao5-1 plants compared with wild-type plants.
With regards to ARRs, although they were expressed at the same level in AtPAO5-1, atpao5, and wild-type plants under normal growth conditions, ARR5, ARR7, and ARR16 were differently regulated by BAP in the different genotypes, being less induced in AtPAO5-1 plants and more induced in atpao5 mutants than in wild-type plants (Fig. 13) . Taken together, these data suggest altered auxin and cytokinin signaling in atpao5-1 and AtPAO5-1 plants. In particular, these data are compatible with increased auxin and decreased cytokinin signaling in AtPAO5-1 plants and, conversely, decreased auxin and increased cytokinin signaling in atpao5-1 mutants. 
Discussion
The results presented in this study show that AtPAO5 is involved in Spm, N 1 -acetyl-Spm, and Therm-Spm homeostasis and contributes in an expression level-dependent way and throughout the entire plant to the feedback mechanism controlling ACL5 and SAMDC4. However, the altered ACL5 and SAMDC4 expression levels in AtPAO5-1 and atpao5 plants are not sufficient to restore polyamine levels. Differently from ACL5 and SAMDC4 and despite the altered Spm levels, SPMS expression levels are unaltered in AtPAO5-1 and atpao5 plants, which suggests that Spm levels are not controlled by a similar feedback mechanism to that controlling Therm-Spm levels. This further suggests that the different polyamines undergo different regulatory mechanisms and participate in different physiological processes.
The altered phenotype of AtPAO5-1 plants with regards to stem length and vascularization is similar to that of acl5 and bud2/samdc4 mutants, which also present a dwarf phenotype and excessive xylem differentiation (Clay and Nelson, 2005; Kakehi et al., 2008; Muñiz et al., 2008; Cui et al., 2010) . These data, together with the participation of ACL5, SAMDC4, and AtPAO5 in feedback mechanisms controlling Therm-Spm levels, indicate that the phenotypical and the anatomical alterations of AtPAO5-1 plants and bud2/samdc4 mutants are mainly due to reduced Therm-Spm levels. In agreement with this, exogenous Therm-Spm or Nor-Spm caused a decrease in the number of xylem cells. Furthermore, the atpao5-1 and atpao5-2 mutants with increased ThermSpm levels present a long-stem phenotype. In contrast, it is difficult to explain the different data on the same atpao5 mutants that were published during the course of the present study (Kim et al., 2014) . A reasonable explanation may be the different plant growth conditions in the two studies, which may have influenced the dynamic equilibrium of various metabolic pathways, thus establishing a different homeostasis in Therm-Spm levels and hormone metabolism.
AtPAO5-1 and atpao5 plants present altered expression levels of genes implicated in auxin signaling and/or up-regulated by auxin, such as ATHB8, PHB, CNA, PIN1, and PIN6. In particular, the expression of these genes is up-regulated in AtPAO5-1 plants and down-regulated in atpao5 plants as compared with wild-type plants, thus suggesting enhanced auxin signaling in AtPAO5-1 plants with reduced Therm-Spm levels and diminished auxin signaling in atpao5 mutants with increased Therm-Spm levels. Changes in auxin signaling were also observed in Arabidopsis and Populus plants with altered ACL5 expression levels, as well as in Arabidopsis plants treated with Therm-Spm (Vera-Sirera et al., 2010; Takano et al., 2012; Yoshimoto et al., 2012a, b; Milhinhos et al., 2013; Tong et al., 2014) . AtPAO5-1 and atpao5-1 plants additionally present altered cytokinin signaling. Indeed, the expression levels of AHP6 are increased in AtPAO5-1 plants and decreased in atpao5 mutants. Furthermore, ARR5, ARR7, and ARR16 are differentially regulated by BAP in AtPAO5-1, atpao5, and wild-type plants. Remarkably, AHP6 is down-regulated by Therm-Spm, while ARR5, ARR7, and ARR15 are up-regulated. These data suggest that Therm-Spm is involved in the control not only of the auxin signaling pathway, but also of the cytokinin one, in agreement with other very recent data (Katayama et al., 2015; Cai et al., 2016) . Thus, AtPAO5 may contribute in the auxin/cytokinin antagonistic interactions that play a significant role in specifying vascular patterns in the root meristem (Bishopp et al., 2011; Kondo et al., 2014) . Consistent with this, AtPAO5 interferes specifically with the BAP-induced inhibition of protoxylem differeniation in roots, but not in the BAP-mediated control of root elongation and meristem size. The specific effect of AtPAO5 on protoxylem differentiation may be mediated by AHP6, which functions to facilitate protoxylem specification by down-regulating cytokinin signaling in a spatially specific manner (Mähönen et al., 2006; Bishopp et al., 2011) . Indeed, the increased AHP6 expression levels in AtPAO5-1 plants may explain the less pronounced BAP-mediated inhibition of protoxylem differentiation in these plants compared to wild-type plants.
AtPAO5-1 and atpao5 plants present differences from wild-type plants regarding primary xylem development in the mature region of the roots and in the stems, with AtPAO5-1 plants presenting an increased number of metaxylem vessel elements and atpao5 mutants a decreased number compared with wild-type plants. In agreement with these anatomical changes, a number of genes involved in the regulation of xylem differentiation (ATHB8, PHB, CNA, VND6, VND7) and cell-wall formation (XTH3) are up-regulated in AtPAO5-1 plants and down-regulated in atpao5-1 mutants, both in stems and roots. Differently from what takes place at the primary xylem, AtPAO5-1 plants exhibit reduced production of secondary xylem in stems compared with wild-type plants, while atpao5 mutants exhibit increased production of secondary xylem. The reasons for this difference between primary and secondary xylem differentiation in AtPAO5-1 and atpao5 plants are still unclear, but it may be due to altered timing and/or extent of cell-death of xylem precursor cells, as shown for acl5 mutants (Muñiz et al., 2008) which also display an increased number of primary xylem vessels and weak production of secondary xylem. In agreement with this, XCP1, a marker of xylem differentiation associated with programmed cell-death (Lucas et al., 2013) , is up-regulated in AtPAO5-1 plants and acl5 mutants and down-regulated in atpao5-1 mutants (Baima et al., 2014; present study) . These data suggest mis-regulation of xylem maturation in AtPAO5-1 and atpao5-1 plants, thus not allowing proper secondary growth and organ extension.
The AtPAO5-1 and atpao5 plants also present altered xylem differentiation in veins, thus suggesting that AtPAO5 interferes with this process throughout the entire plant, consistently with the altered expression levels of auxin-and xylem-related genes both in whole seedlings and in specific organs (i.e. roots and stems). It should, however, be noted that no difference was observed among AtPAO5-1, atpao5, and wild-type plants with regards to meristem size, hypocotyl length, leaf size, and flower development, which suggests that AtPAO5 involvement in auxin and cytokinin signaling is specifically restricted to the xylem, probably due to local disruption of Therm-Spm and auxin homeostasis. This is in contrast to the long-hypocotyl phenotype of acl5 plants, which was attributed to an increase in auxin signaling at very early stages of xylem cell differentiation, when the procambial cells start to elongate, giving rise to an increased length of the organ (Baima et al., 2014) . On the other hand, differently from the AtPAO5-1 plants, bud2/samdc4 mutants are hypersensitive to cytokinins with regrads to root elongation and callus growth and have increased levels of cytokinins (Cui et al., 2010) . These differences among AtPAO5-1, acl5, and bud2/samdc4 plants can be explained by possible temporal, hormone-dependent and tissue-specific differences in ThermSpm and/or auxin and/or cytokinin homeostasis in these plants. It also has to be considered that reduction of ThermSpm levels in AtPAO5-1 plants is based on the AtPAO5 catalytic reaction, whereas in acl5 and bud2/samdc4 mutants it is based on the impairment of Therm-Spm biosynthesis. These aspects require further studies.
Treatment of Arabidopsis plants with Therm-Spm causes protoxylem defects in roots, which are more evident in atpao5 mutants and less evident in AtPAO5 over-expressing plants, the latter plants back-converting Therm-Spm to Spd more promptly than atpao5 mutants. Furthermore, exogenous Therm-Spm and Nor-Spm cause a reduction in the number of metaxylem cells in roots and stems, consistently with the changes in xylem differentiation in AtPAO5-1 and atpao5 roots and stems. These observations are in agreement with previous results showing that Therm-Spm and Nor-Spm, but not Spm, reduce the development of lignified elements in acl5-1spms-1 double mutants and block transdifferentiation of mesophyll cells into tracheary elements in an in vitro Zinnia elegans xylogenic culture system (Kakehi et al., 2010) .
The mechanism through which Therm-Spm affects xylem differentiation is not completely clear. Recently, some significant pieces of information have been obtained regarding the mechanism through which Therm-Spm interferes with the auxin-signaling pathway. In particular, it was shown that the control of auxin on ACL5 and BUD2/SAMDC4 expression is directly mediated by ATHB8 ( Fig. 14; Baima et al., 2014) . In turn, ACL5 negatively regulates ATHB8, as well as other auxin-signaling genes through its enzymatic product (Baima et al., 2014; Tong et al., 2014) . Furthermore, it was shown that Therm-Spm exerts its feedback inhibitory effect on auxin signaling through a positive effect on translation and stability of the SAC51 mRNA (Fig. 14) , which is under the control of uORF-mediated translation repression through the action of some ribosomal proteins (Kakehi et al., 2015; Cai et al., 2016) . SAC51 and SAC51-like transcription factors in turn heterodimerize with LHW, thus suppressing the function of heterodimers between LHW and TMO5/T5L1 that regulate periclinal cell divisions in vascular cells through cytokinin production in the root apical meristem ( Fig. 14; Katayama et al., 2015; Vera-Sirera et al., 2015) . In agreement with the effect of Therm-Spm on the control of SAC51 expression mainly at the translational level (Kakehi et al., 2015 , Imai et al., 2006 , AtPAO5-1 and atpao5 plants do not present statistically significant differences in SAC51 transcript levels from wild-type plants.
In conclusion, the data presented here further support a tightly controlled interplay among Therm-Spm, auxin, and cytokinins necessary for proper xylem differentiation and plant growth. AtPAO5 contributes to this regulatory network by participating in the feedback mechanism that controls Therm-Spm levels (Fig. 14) . This mechanism seems to operate specifically at the xylem level as a safeguard mechanism against the damaging and/or inhibitory effect of Therm-Spm on xylem, against the inhibitory effect of cytokinins on protoxylem differentiation, and against an excessive xylem proliferation by decreased levels of Therm-Spm and increased levels of auxin and cytokinins that would negatively affect organ expansion and plant growth (Yoshimoto et al., 2012a) . Indeed, AtPAO5 is up-regulated by both auxin and BAP specifically at the xylem level. It is probably because of this regulatory role of AtPAO5 on appropriate xylem differentiation that it has activity as a dehydrogenase rather than as an oxidase, thus avoiding excessive H 2 O 2 production, which can damage cellular components. It may be for the same reason that AtPAO5 expression is regulated at the post-transcriptional level by the proteasome-dependent degradation pathway (Ahou et al., 2014) , which is a critical element of many plant hormone signaling pathways and developmental processes, such as xylem differentiation (Han et al., 2012; Li et al., 2013; Kurepa et al., 2013) .
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